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Suppression of parathyroid hormone secretion by aluminum
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Suppression of parathyroid hormone secretion by aluminum. The
effect of aluminum on parathyroid hormone secretion was examined
using collagenase-dispersed bovine parathyroid cells. An increase in the
medium aluminum concentration over the range of 0.5 to 2.0 mri, in low
calcium medium, progressively inhibited the secretion of radioimmuno-
assayable hormone. At 2.0 m aluminum hormone secretion was
inhibited by 68% while high medium calcium, without aluminum,
maximally inhibited parathyroid hormone secretion only 39%. Individ-
ually, 2.0 m aluminum or 2.0 m calcium inhibited isoproterenol-
stimulated hormone secretion by 43%. Either metal suppressed basal
and isoproterenol-stimulated cyclic AMP levels of the parathyroid cells.
That the inhibitory effect of aluminum on parathyroid hormone secre-
tion was not due to an irreversible toxic effect was demonstrated by a
restoration of normal secretion when cells were returned to 0.5 mss
calcium medium without aluminum. The incorporation of [3HJleucine
into total cell protein, parathyroid secretory protein, proparathyroid
hormone, or parathyroid hormone was not affected by aluminum. The
secretion of radiolabeled protein was, however, inhibited by aluminum.
These results suggest that aluminum does not affect protein biosynthe-
sis of the parathyroid cell or the conversion of proparathyroid hormone
to parathyroid hormone. Aluminum appears to directly affect the
secretion of protein from dispersed parathyroid cells.
Suppression de Ia sécrétion d'hormone parathyroIdienne par l'alumin-
ium. L'effet de l'aluminium sur Ia sécrétion d'hormone parathyroI-
dienne a été examine en utilisant des cellules parathyroidiennes bovines
dispersées par Ia collagenase. line élévation de Ia concentration d'alu-
minium dans le milieu entre 0,5 et 2 mi, dans un milieu pauvre en
calcium, a inhibé progressivement Ia sécrétion d'hormone parathyroid-
ienne dosable radioimmunologiquement. A 2,0 m'i d'aluminium, Ia
sécrétion hormonale était inhibée de 68%, tandis qu'en milieu riche en
calcium, sans aluminium, le maximum d'inhibition de Ia sécrétion
d'hormone parathyroidienne était de 39% seulement. Individuellement,
2,0 mM d'aluminium ou 2,0 mrs de calcium inhibaient Ia sécrétion
hormonale stimulée par l'isoprotérénol de 43%. Les deux métaux
supprimaient les concentrations basales et stimulées par l'isoprotérénol
d'AMP cyclique dans les cellules parathyroidiennes. Que l'effet inhibi-
teur de l'aluminium sur la sécrétion d'hormone parathyroIdienne n'ait
pas été dO a un effet toxique irreversible a été démontré par Ia
restauration d'une sécrétion normale lorsque les cellules étaient remises
dans un milieu a 0,5 mi de calcium sans aluminium. L'incorporation de
[3H]leucine dans les protéines cellulaires totales, Ia protéine sécrétoire
parathyroIdienne, I' hormone proparathyroidienne ou l'hormone para-
thyroIdienne n'était pas affectée par l'aluminium. La sécrCtion des
protéines radio-marquees était, cependant, inhibée par l'aluminium.
Ces résultats suggèrent que l'aluminium ne modifie pas Ia biosynthèse
protéique de Ia cellule parathyroidienne ni Ia conversion de l'hormone
proparathyroidienne en hormone parathyroIdienne. L'aluminium scm-
ble modifier directement Ia sécrétion de protéines par les cellules
parathyroIdiennes dispersees.
altered metabolism of vitamin D [4—6]. In recent years a subset
of patients with renal osteodystrophy has been described as
having inappropriately low levels of parathyroid hormone in the
blood for the uremic state [7—9]. Evidence suggests that the
aluminum content of the bone is increased [7—12]. Thus, it is
possible that the bone disease of this group of patients repre-
sents, in part, aluminum toxicity. The reason for the low levels
of parathyroid hormone in the blood is unclear.
A major concern in deciphering the pathogenesis of bone
disease in dialysis patients is to separate the effects secondary
to the dialysis itself from the effects that are primary to the
uremic state resulting from kidney failure. An example of how
dialysis itself, or more specifically, the water source for dialy-
sis, contributes to the bone disorders is illustrated by aluminum
toxicity [13—201. A high incidence of bone pain and fracture has
been correlated with the aluminum content of the water in
certain geographic locations [13—151. Recently, it has been
suggested that the lower parathyroid hormone levels seen in
aluminum-induced osteomalacia may be involved in the miner-
alization defect [81. In another investigation it was concluded
that the existence of low serum parathyroid hormone levels
combined with high serum aluminum may contribute to the
development of osteomalacia [9]. The objective of this study is
to characterize whether or not aluminum has a direct effect on
parathyroid hormone secretion using dispersed bovine parathy-
roid cells.
Methods
Preparation of cells. Bovine parathyroid glands were ob-
tained fresh from a local slaughterhouse. The cells were pre-
pared by the collagenase-DNase procedure of Brown, Hurwitz,
and Aurbach [21] as modified [22]. Briefly, the glands were
trimmed of fat and connective tissue and minced with scissors
to pieces approximately 1 to 2 mm square. Routinely, about 3 g
of minced tissue were digested in 10 volumes (w/v) of supple-
mented buffer [22] with 2 mg/mI collagenase (Worthington type
1) and 20 g/ml DNase II (Sigma) at 37°C in a shaking water
bath for 60 mm. At 15-mm intervals, the digested matter was
vigorously passed through a cannulated syringe with a 2-mm
opening. The digested matter was filtered through a fine nylon
Renal osteodystrophy is a universal complication of chronic
renal failure [1—3]. The main factors involved in the pathogene-
sis of uremic bone disease are hyperparathyroidism [4] and an
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mm. Cells were separated from the medium by centrifugation.
The cell pellets were extracted by sonication in 0.25 milliliter of
6 M urea-U. I N acetic acid followed by centrifugation at
X lO,000g for 10 mm. The radioactive proteins in the urea-acid
supernatants were separated on 10% acrylamide containing slab
gels 3-mm thick utilizing the pH 4.5 buffer system of Reisfeld,
Lewis, and Williams 126] containing 6 M urea and a fourfold
molar excess of N,N'-diallytartaramide in place of N,N'-meth-
ylene-bis-acrylamide 1221. The gel slabs were stained with
Coomassie blue, R-250, destained, and sectioned into I-mm
segments with the aid of a Mickle gel slicer (Brinkmann
Instruments, Westbury, New York). The gel slices were digest-
ed in 0.5 milliliter of 1% periodic acid, and the radioactive
content was determined by liquid scintillation spectroscopy
using Aquasol II (New England Nuclear Corporation, Boston,
Massachusetts).
The results are expressed as the mean SD of three separate
experiments, each performed in quadruplicate, except for the
radioactive amino acid incorporation experiments which were
done in duplicate. Therefore, the results are calculated and
reported as N == 8 or 12. The individual experiments were
performed over a period of 4 months. The results were analyzed
for statistical significance by the Student I test.
Results
The incubation of dispersed parathyroid cells with increasing
amounts of aluminum at a low calcium ion concentration of 0.5
mM led to a progressive decrease in the secretion of parathyroid
hormone as shown in Figure 1. The results are expressed as the
mean of 12 separate incubations performed in quadruplicate on
each of 3 separate days. There wasn average 68% decrease in
hormone secretion by 2.0 m aluminum compared to the cells
incubated in the absence of aluminum. The inhibition of secre-
tion by aluminum was statistically significant by 1.0 mivi alumi-
num, P < 0.01. Higher concentrations of aluminum were not
used due to the formation of a precipitate in the medium if the
aluminum concentration exceeded 2.0 mist This 68% decrease
in hormone secretion by aluminum at low calcium is in contrast
to the approximate 40% decrease in secretion achieved at a
calcium ion concentration of2.0 m (Fig. 1). This represents, in
the dispersed cell system, what is considered the basal rate of
hormone secretion. In other experiments there was no further
inhibition of hormone secretion if the calcium on concentration
was increased to 3.0 mist (data not shown). The inhibition of
hormone secretion by 2.0 m aluminum exceeded the inhibition
by 2.0 misi calcium, a significant difference (P < 0.01). In other
experiments, 2.0 m aluminum inhibited hormone secretion
further when the calcium ion concentration of the medium was
2.0 mivi (4.1 1.5 ng PTH/hr/IOS cells at 2.0 m aluminum, 2.0
rn calcium vs. 7.7 1.8 ng PTI1/hr/l0 cells at 2.0 m calcium
alone, P < 0.01). Aluminum ion concentrations less than 0.5
mM did not significantly affect hormone secretion at either 0.5
or 2.0 m calcium ion concentration in the medium.
The secretion of parathyroid hormone from parathyroid
tissue may be controlled by ionic (that is, calcium, magnesium,
and aluminum) and non-ionic effectors such as catecholamines
[27—291. We next examined whether or not aluminum would
affect the isoproterenol-stimulated secretion of parathyroid
hormone from the dispersed cells. At a low medium calcium ion
concentration of 0.5 misi, the addition of I MM isoproterenol
0.5 msi Ca*2 2.0 mM Ca2
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Fig. 1. The effect f aluminum on paiathvroid hormone secretiou from
dispersed bovine parathvroid cells. The cells were incubated at a
density of 200,000 cells/mI at the indicated calcium ion concentrations
with variable aluminum ion concentrations (hatched bars). The incuba-
tions were terminated after 2 hr and the hormone secreted into the
medium by radioimmunoassay determinations as described in Methods.
The data represent the mean SD of three separate experiments, each
performed in quadruplicate. therefore, N = 12.
mesh, and the cells were gathered by low-speed centrifugation.
The cells were washed by resuspension-centrifugation three
times in supplemented medium containing 0.5% calf serum [22].
Incubation of cells. The cells were incubated at a density of
200,000 to 400,000 cells per milliliter in supplemented medium
containing 0.5% calf serum and 0.2 m'vi isobutyl methylxanthine
(IBMX), a phosphodiesterase inhibitor. The calcium and alumi-
num ion concentrations of the medium are detailed in each
figure and the table. The magnesium and phosphate concentra-
tions were maintained at 1.0 m each. At appropriate times.
cells were separated from the medium by centrifugation.
Analysis. The medium was retained for analysis of parathy-
roid hormone using antibody CH9 which recognizes both intact
hormone and carboxyl-terminal fragments of hormone 123]. In
diluting the medium in the radioimmunoassay. the aluminum
concentration did not exceed 20 MM. When aluminum was
added to several standard parathyroid hormone concentrations
in the radioimmunoassay at a concentration of 330 MM, there
was no difference with standard measurements made without
aluminum. Therefore, in our radioimmunoassay. aluminum
does not influence the measurement of hormone.
In some experiments, the cell pellets were extracted with I
milliliter of 10% trichloroacetic acid. 'I'he acid extracts were
centrifuged and the supernatants partitioned with 10 volumes of
diethyl ether three times. The aqueous phase was lyophilized to
dryness and dissolved in I ml of 50 m sodium acetate, pH 6.2.
The cyclic AMP content of the cell extracts was measured by a
radioimmunoassay [241 using acetylated [25] standards and
samples.
In some experiments, the cells were incubated in the standard
medium [241 containing 20 MCi per milliliter of [3H]leucine
(Amersham Corporation, Arlington Heights, Illinois) for 30
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Fig. 2. The effect of calcium and aluminum on basal- (fl) and isoproter-
enol-stimulated () parathyroid hormone secretion. Bovine parathy-
roid cells were incubated at a density of 200,000 cells/mI for 60 mm and
a sample was removed for assay. The remainder of the cell incubation
was made 1 /.LM in isoproterenol and incubated an additional 60 mm
before final sample removal. The parathyroid hormone content of the
separated medium was determined by radioimniunoassay as described
in Methods. The data represent the mean SD of three separate
experiments, each performed in quadruplicate, therefore, N = 12.
nearly doubled the rate of hormone secretion (P < 0.01)
compared to the non-isoproterenol-treated cells (Fig. 2). The
addition of 2.0 m aluminum to the medium caused a marked
inhibition in the rate of basal- and isoproterenol-stimulated
hormone secretion (P < 0.01). On a proportionate basis, there
was a doubling of the hormone secretory rate by isoproterenol
at 2.0 m aluminum, but the magnitude of the response was
significantly blunted (P < 0.01) compared to the control of 0.5
m calcium. The effect of aluminum was similar to the effect of
an increase in the medium calcium ion concentration to 2.0 mM
(Fig. 2) except that aluminum was slightly more effective at
inhibiting hormone secretion than calcium. The mechanism by
which isoproterenol stimulates parathyroid hormone secretion
is considered to be through the generation of cyclic AMP [28,
30]. In Figure 3 it is seen that the cyclic AMP concentration of
the dispersed cells incubated in the presence of 0.2 mM IBMX
was indeed increased by I .tM isoproterenol. The inclusion of
2.0 m aluminum or increasing the medium calcium ion con-
centration from 0.5 to 2.0 m significantly depressed isoproter-
enol-stimulated cyclic AMP levels (Pat least <0.01); aluminum
proved to be more potent than calcium (Fig. 3). On a relative
basis, the greater the increase in cell cyclic AMP levels (Fig. 3),
the greater the stimulation in hormone secretion, that is, the
more cyclic AMP generated the larger the increment in stimu-
lated hormone secretion.
The question at this point is whether, under the conditions of
these experiments, aluminum is toxic to the parathyroid cells.
Therefore, the dispersed bovine parathyroid cells were preincu-
bated for 1 or 6 hr at 2.0 m aluminum, washed with low
calcium buffer, and reincubated at 0.5 m calcium ion concen-
tration in the medium without aluminum (Fig. 4). Hormone
secretion was largely restored and was comparable to that of
Fig. 3. The effect of calcium and aluminum on basal () and isoprotere-
nol-stimulated () cell cyclic AMP levels. Bovine parathyroid cells
were incubated as described in Figure 2. The cell pellets were extracted
and the cyclic AMP content was determined by radioimmunoassay as
described in Methods. The data represent the mean SD of three
separate experiments, each performed in quadruplicate, therefore, N =
12.
cells which had not been pretreated with aluminum (0.05 <P <
0.1), suggesting that there was no irreversible toxic effect of
aluminum with respect to hormone secretion.
Another means of assessing parathyroid cell viability is
through the incorporation of radiolabeled amino acids into cell
protein. A representative profile of the biosynthesized radioac-
tive proteins of the cell is shown in Figure 5. The major
radiolabeled proteins synthesized by parathyroid tissue are
parathyroid secretory protein, proparathyroid hormone, and
parathyroid hormone [24, 31]. When the dispersed cells were
incubated with [3H]leucine at 0.5 m calcium in the presence or
absence of 1.0 m aluminum, it was found that the biosynthesis
of proparathyroid hormone, parathyroid hormone, and parathy-
roid secretory protein was not affected by the inclusion of 1.0
m aluminum (Table 1). This suggests that the synthesis and
formation of parathyroid hormone in the dispersed cells is not
influenced by aluminum. In contrast, 1.0 m aluminum ion in
the medium inhibited the secretion of total trichloroacetic acid
precipitable protein into the medium (Table I). This is consist-
ent with the inhibition of parathyroid hormone secretion as
measured by radioimmunoassay.
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Fig. 4. Restoration of parathyroid hornone secretion after removal of
aluminum from alu,ninum-inhihited ce/Is Bovine parathyroid cells
were incubated at a density of 400,000 cells/mI at 0.5 m calcium ion in
the medium in the presence or absence of 2.0 m aluminum for or 6
hr. The cells were harvested by centrifugation, washed in a low calcium
medium, and resuspended at a density of 200,000 cells/mI in control
medium (Li] or or control medium containing 2.0 m aluminum ()
and reincubated for 2 hr. The hormone secreted into the medium in the
final 2-hr period was determined by radioimmunoassay as described in
Methods. The data represent the mean SD of three separate experi-
ments, each performed in quadruplicate, therefore, N = 12.
Discussion
These results suggest that aluminum directly inhibits parathy-
roid hormone secretion from dispersed bovine parathyroid
cells. This inhibition, however, is attained at aluminum concen-
trations in the pharmacologic range. The plasma aluminum
levels of patients characterized as having bone mineralization
defect(s) did not exceed 30 /.LM [181 while the aluminum content
of the bone is in the millimolar range [8, 121. Ftirthermore, the
aluminum ion in the plasma is largely protein-bound [321. The
protein concentration of the incubation medium used in the
present studies was 0.5% of a normal serum. In addition, the
aluminum concentration used was in the millimolar range.
Initial studies conducted to measure the ultrafilterable alumi-
num ion concentration showed that aluminum bound to the
ultrafiltration membranes which then compromised the results.
Due to the low protein concentration and high aluminum
concentration, it seems unlikely that much of the aluminum in
the incubation medium was protein-bound. If this did occur,
then the dose-response curve of Figure 1 would shift to the left
and into a more physiologic range. The present studies suggest
that short-term incubations (that is, 2 hr) of parathyroid cells
require excessive aluminum for inhibition of hormone secre-
Gel segment
Fig. 5. The separation of rad,olaheled parathyroid cell proteins by
means of polvocrylarnide gel electrophoresis. Bovine parathyroid cells
were incubated at a density of 400,000 cells/mI at a calcium ion
concentration of 0.5 m in medium containing 20 1iCi/mI [3H]leucine
for 30 mm. The radiolabeled proteins of the cell pellet were processed
and separated as described in Methods. Parathyroid secretory protein
migrates between segments 4—7 parathyroid hormone between 25—27
and proparathyroid hormone between 28-30.
tion. Since the parathyroid gland is capable of concentrating
aluminum 1331, it is not known if the micromolar levels in the
serum achieved in aluminum toxicity could result in a direct
inhibition of hormone secretion due to a presumed higher
cellular concentration of aluminum.
The mechanism by which aluminum inhibits parathyroid
hormone secretion cannot be described precisely from the
results of this investigation. Secretion is thought to he con-
trolled in part by the cyclic AMP concentration within the cells
128, 301. Both calcium ion ([28] and this investigation) and
aluminum ion concomitantly suppress both basal and isoproter-
enol-induced hormone secretion and cell cyclic AMP levels.
While isoproterenol-stimulated parathyroid hormone secretion
can be well correlated with isoproterenol-stimulated cyclic
AMP concentration [28], calcium-mediated secretion and cell
cyclic AMP levels may not correlate [28, 34]. A mechanism by
which aluminum inhibits isoproterenol-stimulated hormone se-
cretion (Fig. 2) is probably through an inhibition of isoprotere-
nol-stimulated cyclic AMP formation (Fig. 3). The manner in
which aluminum inhibits basal hormone secretion is more
a
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Table 1. The effect of aluminum on parathyroid cell protein synthesis
and secretiona
Aluminum, 1.0 m
Calcium, 0.5 mxi Calcium, 0.5 m
a Bovine parathyroid cells were incubated with 20 Ci/ml {3H]leucine
for 30 mm. The radioactive content in total cell and medium protein was
determined by trichioroacetic acid precipitation. The radioactive con-
tent of parathyroid secretory protein, proparathyroid hormone, and
parathyroid hormone was determined by summation of the radioactivity
under each protein peak as depicted in Figure 5. Results are presented
as cpm [3H]leucine/I 00,000 cells.
b Value differs from 0.5 m calcium, P < 0.05, c P < 0.001.
difficult to assess. The intriguing feature is that aluminum
inhibition exceeds the inhibition by calcium (Fig. 1) at either
low (0.5 mM) or high (2.0 mM) medium calcium. Aluminum ion
has been shown to interfere with calcium movement in smooth
muscle cells in a manner similar to that of lanthanum [35, 36].
Aluminum may, therefore, interfere with calcium ion move-
ment into and out of the parathyroid cell. This may suggest that
if aluminum inhibits calcium uptake by the cell then some
calcium ion may be required to maintain parathyroid hormone
secretion. Alternatively, if aluminum inhibits calcium move-
ment out of the cell, the accumulation of cytosolic calcium even
at a low medium calcium ion concentration ultimately inhibits
hormone secretion. The inclusion of aluminum in the medium
slightly increased the incorporation of [3H]leucine into total
parathyroid cell protein (Table 1). Aluminum-treated mouse
neuroblastoma cells also had an increase in radioactive leucine
incorporation into total cell protein [371. There was no apparent
effect of aluminum on the conversion of radiolabeled propara-
thyroid hormone to parathyroid hormone (Table 1) which has
been shown to be a calcium-independent process [38]. There-
fore, aluminum affects parathyroid hormone secretion directly
and not the biosynthesis of proparathyroid hormone or its
conversion to hormone. The inhibition of parathyroid hormone
secretion is thought to be through an increase in the cytosolic
calcium ion concentration of the cell [39—41]. If aluminum ion
penetrates into the parathyroid cell, it could then augment the
inhibitory action of calcium on hormone secretion. In summary,
these studies suggest that aluminum has a direct effect on
parathyroid hormone secretion. The physiologic relationship of
inappropriately low levels of parathyroid hormone seen in
patients with aluminum toxicity to osteomalacia remains to be
elucidated.
Experiment I
Total cell protein
Parathyroid secretory
protein
Proparathyroid hormone
Parathyroid hormone
Total medium protein
Experiment 2
Total cell protein
Parathyroid secretory
protein
Proparathyroid hormone
Parathyroid hormone
Total medium protein
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